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Abstract

We present a new family of high-resolution, non-oscillatory semi-discrete central schemes for the approx-
imate solution of the ideal Magnetohydrodynamics (MHD) equations. This is the second part of our work,
where we are passing from the fully-discrete, staggered schemes utilized in [4] to a semi-discrete formulation
advocated in [17]. This semi-discrete formulation retains the simplicity of fully-discrete central schemes while
enhancing efficency and adding versatility. The semi-discrete algorithm offers a wider range of options to
implement its two key steps: non-oscillatory reconstruction and evolution. Along with the description of the
numerical methods employed, we present several prototype MHD problems. Solutions of one-dimensional
shock-tube problems and the two-dimensional Kelvin-Helmholtz and Orszag-Tang problems are carried out
using third- and fourth-order central schemes based on the CWENO reconstructions of Kurganov and Levy,
[15], and Levy et. al., [21]. These results complement those presented in [4] (and the references therein) and
confirm the remarkable versatility of central schemes as black-box, Jacobian-free MHD solvers.

AMS subject classification: Primary 65M10; Secondary 656M05, T6W05

Key words. Multidimensional conservation laws, ideal Magnetohydrodynamics (MHD) equations, high-resolution
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1 Introduction

In this paper we present third- and fourth-order accurate, non-oscillatory central schemes for the approximate
solution of the equations of ideal Magnetohydrodynamics,

pe = =V-(pv), (1.1)
(W) = ~V-low' +(p+ 585~ BB, (1.2)
B: = Vx(vxB), (1.3)
ee = —V- [(%p + %pv2)v —(vxB) xB|. (1.4)

Here, p and e are scalar quantities representing respectively, the mass density and the total internal energy,
v = (v, vy,v,) " is the velocity field with Euclidean norm v? := ||v||?, and B = (B,, By, B.)" and B? := ||B||?
represent the magnetic field and its norm. The pressure, p, is coupled to the internal energy, e = % pv? + %BQ +
p/(y — 1), where v is the (fixed) ratio of specific heats. The system is augmented by the solenoidal constraint,

V-B=0; (1.5)

that is, if the condition V - B = 0 is satisfied initially at ¢ = 0, then by (1.3) it remains invariant in time.
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Our work [4] demonstrated the capability of central schemes to accurately and efficiently detect and resolve
the steep gradients that characterize the solutions of (1.1)-(1.4); it suggested further development of higher order,
black-box type central schemes for these equations. In this paper, we present a family of third- and fourth-
order accurate, non-oscillatory semi-discrete central schemes. This semi-discrete formulation, [17], retains the
main advantages of central schemes over the upwind ones, namely, simplicity and efficiency resulting from
using a minimal amount of characteristic information when evolving the solution over staggered grids, the
use of Jacobian-free formulations and avoiding dimensional splitting in multidimensional models. Moreover,
for rth-order methods, the numerical dissipation of the semi-discrete formulation is of order O((Ax)? ~1) wvs.
the corresponding fully-discrete version of order O((Axz)?" /At); this allows the use of smaller time steps with
considerably less smearing of discontinuities. Finally, the semi-discrete formulation also enjoys a remarkable
adaptability to a wide range of non-oscillatory reconstruction techniques and evolution routines developed
independently of the methods.

We implement these new schemes to approximate the solution of the five MHD prototype problems discussed
in [4]: two one-dimensional Brio and Wu shock tube models originally proposed in [6], two different configurations
— periodic and convective models of the 2D transverse Kelvin-Helmholtz instability problem, and the 2D MHD
vortex system of Orszag and Tang, whose evolution involves the interaction between several shock waves traveling
at various speed regimes, making it a very suitable model to test the robustness of numerical algorithms.

The paper is structured as follows:

In §2, we extend the derivation of the second- and third-order, central semi-discrete schemes presented
in [17, 16, 15] to schemes of arbitrary order r. Starting with the staggered discretization that led to the
fully-discrete central schemes, [23, 22, 13, 20], we evolve separately the smooth and non-smooth parts of the
solution and project the resulting cell averages back onto the original grid. We then pass to the At | 0-limit,
yielding the r**-order semi-discrete formulation of central schemes. This rather general formulation of central
schemes entertains a broad range of options to implement the two main steps of the algorithm: non-oscillatory
reconstruction of point values from cell averages, followed by the evolution of the corresponding point valued
fluxes. In §3 we discuss the non-oscillatory reconstruction techniques and evolution routines that we implement
to approximate the semi-discrete formulation of equations (1.1)—(1.4). For the reconstruction of point values,
we propose an extension of the third-order Central WENO (CWENO) reconstruction of Kurganov and Levy,
[15], and the genuinely two-dimensional fourth-order CWENO reconstruction of Levy et. al., [21], developed
originally in the context of fully-discrete central schemes. For the evolution step, we use third- and fourth-order
strong stability preserving (SSP) Runge-Kutta schemes, [26, 28, 8]. We complete the description of the methods
with a discussion on the divergence-free condition of the magnetic field, V-B = 0. This constraint is guaranteed
in the one-dimensional shock tube problems and the two-dimensional Kelvin-Helmholtz instability models, but
not in the Orszag-Tang MHD vortex system. In the latter case, a Leray projection corrector is implemented at
the end of each time-step, replacing the computed magnetic field with its divergence free projection.

In §4 and §5 we describe the prototype MHD problems mentioned above and present the numerical solutions
obtained with our new family of high resolution semi-discrete central schemes. In §4 we report on the one-
dimensional shock tube problems of Brio and Wu [6] and discuss the improved resolution and better control
of spurious oscillations provided by the new schemes. The two-dimensional models and the corresponding
numerical results are presented and discussed in §5. These results confirm the efficiency of central schemes to
accurately compute the solution of MHD equations. The combination of simplicity and high resolution allows
us to obtain solutions comparable to those obtained with higher order upwind schemes, e.g., [6, 7, 14, 25, 24],
without having to refine the computational mesh as in [4]. We therefore retain the simplicity of central schemes
— they eliminate the need for a detailed knowledge of the eigen-structure of the Jacobian matrices and avoid
dimensional splitting and the costly use of (approximate) Riemann solvers that serve as building blocks for
upwind schemes; at the same time, this simplicity is achieved without an increase in the computational work
that was enforced by the finer meshes required with the lower order methods.

2 Semi-discrete Central Schemes

In [4] we demonstrated the robustness of black-box type central schemes to calculate the approximate solutions
of equations (1.1)—(1.4) and discussed the advantages of these methods over those based on upwind differencing.
We also pointed out, however, that the efficiency resulting from a minimal amount of characteristic information
required by central schemes, may be compromised by the low-order accuracy of the schemes, since the latter often
require finer meshes to resolve steep gradients. In order to circumvent this limitation and gain full advantage



of the simplicity, ease of implementation and efficiency of central schemes, we seek higher order methods.
Although it is possible to carry out a higher order extension of the fully-discrete central schemes discussed in
[4], see e.g., [19, 21], we find the semi-discrete formulation of Kurganov and Tadmor, [17], more advantageous:
it enjoys a reduced numerical dissipation (of order O((Az)?"~1)) in comparison to that of fully-discrete schemes
(~ O((Ax)?*"/At)), and it is derived independently of any reconstruction or evolution algorithm. Indeed,
many of the existing high-order, non-oscillatory reconstruction algorithms and evolution routines can be easily
incorporated into the semi-discrete central formulation, making the simplicity and ease of implementation of
central schemes an attractive alternative.

2.1 One-dimensional Schemes

The solutions of non-linear hyperbolic systems of conservation laws,
us + f(u), =0, (2.1)

and in particular those of equations (1.1)—(1.4), are characterized by the onset and propagation of discontinuities.
The higher order extensions of the first-order Lax-Friedrichs central scheme, [18], that have been developed over
the past two decades, see e.g., [23, 22, 13, 17], provide a rather general approach for solving these type of
problems with only a minimal amount of information on the eigen structure of the Jacobian matrix of f(u)
(indeed, Jacobian-free formulations of central schemes completely avoid the computation of %). These schemes

are based on the evolution of the cell averages (we use the usual ][ to denote the average, 1/|I] - / ),
I

I

Az Az
Lo _]

un = ][ u(&,t")dE, Iy = [zo —
I, 2 2

while alternating over staggered grids, {I;} x t™ and {Ij+%} x t"T1. Dividing (2.1) by Az and integrating over

the control volume I, 1 X [t" 1" H1] yields an exact discrete statement of the conservation law in terms of these

cell averages,
1 tn+1 tn+1

-n+l _ -n o . _ .
Uy = U T As [ . flu(zjqr,7))dr /tn flu(zy, 1))dr|. (2.2)
The evaluation of the expressions on the right of (2.2) proceeds in two steps.
First, the cell averages {ﬂﬁ_ , } are recovered by integrating a piecewise non-oscillatory polynomial recon-
2

struction of the point-values of u(z,t") from their cell averages {u”} that we denote by
u(z,t") = R (z;a") := Zp;’(ac) -1y, (2.3)
J

This reconstruction procedure is at the heart of high-resolution, non-oscillatory central schemes, and requires the
coefficients of the polynomials {p?(x)} to be determined so that R(z;u") satisfies the following three essential
properties.

e P — Conservation of cell averages: pj (z) = uj.

e Py — Accuracy: R (z;u") = u(x,t") + O((Az)") for rth-order accurate scheme, wherever u(-,t") is
sufficiently smooth.

e P53 — Non-oscillatory behavior of 37, p;(z)-1; which is characterized in different ways for different recon-
structions. Examples include TVD reconstructions initiated by van Leer and Harten, [31, 10], Number of
Extrema Diminishing (NED) and shape preserving properties of Liu-Tadmor third order scheme, [22], and
the higher order non-oscillatory extensions offered by the Essentially non-oscillatory (ENO) reconstruc-
tions of Harten et. al., e.g., [9], or their Weighted versions (WENO) e.g., [27, 12], and their implementation
within the central differencing framework e.g., [15, 19, 21].

Equipped with the reconstructed point values u(-,¢™), the second step evaluates the two time integrals of
f(u(-,7). Since the solution of (2.2) remains smooth along the lines {x = z;} x [t",t"T!], a simple quadrature

rule suffices to approximate those integrals. This requires the intermediate values, {ﬂ?“j }, which are predicted



Figure 2.1: Modified central differencing of Kurganov and Tadmor.

either by a Taylor expansion or alternatively, by Runge-Kutta solvers of the ODE wu, = fm|w:m 5 u(xy,0) = uy,
7 > ", where f, stands for the numerical derivative of f(u).

This type of evolution over staggered grids based on cells with uniform width Az does not admit a semi-
discrete limit as At | 0. Instead, a modified approach proposed by Kurganov and Tadmor in [17] and based on
variable size cells (depicted in figure 2.1) yields the desired semi-discrete limit. Here, we extend the derivation
of second- and third-order semi-discrete schemes of [17, 15, 16], to schemes of arbitrary order of accuracy r, [3].

The first step passing from a fully-discrete to a semi-discrete formulation, consists of reducing the size of the
staggered cells covering the Riemann fans. Instead of cells with uniform width Az, we use cells with variable
width of order O(At), by incorporating the maximal local speed of propagation,

aj 1= max l)p(%(u)); (2.4)

1
2 ueC(u~, 1 ,u’
i+5 it

here u~ , and ut
J+3 i+

breakpoints, uﬁ 1= Rz 1 +,u"), and C is the phase curve connecting these two states through the Riemann
2

stand, respectively, for the reconstructed values of u to the left and right of the interfacing

fan. For practical purposes, we choose

oy = e (oG, ). o (Gt p)

which is exact for genuinely non-linear and linearly degenerate fields.
This information allows us to repartition the original grid so as to distinguish between sub-cells of width
2a;? 1 At™ where the solution is dictated by the non-smooth Riemann fan,
2

IJ+% = [I?+%,l7 .I;.:»%’T] = [$J+% — a?+%Atn7 $J+% —+ a?+%At"],
and the other cells of width Az; := Az — At"(a}t P ), which are beyond the influence of the Riemann
2 2
fans so that the solution remains smooth,
Ij = [.I;.Li%yr, I;l+%1l] = [.Ij_l + a,;li%Atn7 IJ_,’_% — a?+%Atn]



In non-smooth regions, the cell averages, {w”“} are computed via staggered evolution over the (narrower,

O(At)) cells covering the Riemann fans,

—n+1 Ij+%’r n+1
Ty = u(z, t" T )de =
J+§ zn
it
T 1 i
= R (z;u")dx — — [f(u(:z:’.ﬂrl »T)) — f(u(:z:’.ﬂrl l,T))} dr, (2.5)
zn a.+1 tn T2 T2
g+ JTz

and in the smooth regions, direct integration of (2.1) yields the cell averages {w? }

n

"

_ itk

w}-“'l ;:][ (" de =
x

J—5.T

Nl

tn+1

= ][ jf%’LR (x;u"™)dx — Aiarj/tn [f(u(x;?Jr%)l,T)) — f(u(z"_ 2)T,T))}dT. (2.6)

7
Ji—

m\»—A

The non-staggered cell averages, {ﬂ;‘“}, are then recovered via a new non-oscillatory piecewise polynomial
reconstruction of the point values of u(x,#"*1) from the new cell averages (2.5) and (2.6),

R n+1 Z n+1 1[] +qn+1( ) 17 ) (27)

it3
Projection onto the original grid, {I;}, (2.7) yields

Ti+3

— 2 _

"t = ][ R (x;w")dx =
x

_ 1 mji%’r n+1 d Ij+%’l n+1 d ijr% n+1 d
=)@ e [ T gt @ des |77 ) del.
J

3 i—%r it 3

(2.8)

The explicit calculation of the polynomials q"“( ) and ¢” i /2( x) will, in fact, prove to be irrelevant for the

semi-discrete formulation that we seek. As we shall see below only the cell averages of these ¢’s matter, and in
the At | 0-limit, these averages are further reduced to the original point values reconstructed at the interfaces,
p(zjr1,t"). We turn to the details.

Without loss of generality, we assume that the ¢ s are polynomials of degree r — 1 (required to preserve
the underlying r"-order accuracy) and satisfy properties P; — Ps for the cell averages (2.5) and (2.6) in the

n+1s

: 7 T +1(,) — -1 4(k) k /1. :
corresponding cells I; and Ij . We express these polynomials as q" ( ) =10 Aj:t% (x — :zrji%) /k!; their
coefficients can be uniquely determmed by imposing the conservation constraintsl,

1 r—1 1 1
() dr = =0,+=,4+1,...,+ =—2.0,=-. 2.9
][,fj+qu+5 ( ) €L = w_]-‘,—pa p ’ 25 ’ ’ 2 ’ S 25 ’ 2 ( )

Equipped with this notation, the first and last integrals on the right of (2.8) read

T r—1 A(k) n r—1 k—i—l
S L i-3 pp1]%i-p a8 (At) an e 40
q |: —.%'-71) :| 2 l) A’_,a (210)
/Ijé 0 k+1 J—2 ;1 k:O k_|_1 J 5 j—3
and
. r—1 A(k) r—1 k41
Ity g _ it k+1] %+ At) n o \k+1 4 (k)
/ q]_i_%(.’lf) dr = {W(CE—.’I]]J’_%) i| ‘ j a" Z k—|—1) (a ) AJ+2. (211)
m]+l ! k=0 itz =0

I The choice of symmetric intervals around I j yield methods of odd order. For methods of even order, it suffices to sacrifice one

of the side constraints, p = & Tgl.




n+1( )

For the second integral in (2.8), we observe that by property P; the polynomial ¢ must satisfy

Tipdol
/ ’ q;H'l( ) dx = Aa:jﬁ)?"'l = [Az — At(a} —|—a?+%)}w?+l. (2.12)

Substituting (2.10)—(2.12) into (2.8), we arrive at a fully-discrete, non-staggered approximation (of arbitrary
order of accuracy r) of the cell averages in (2.2),

r—1

~ A(AL)F ~ At

n+l _ n \k+1 4(k) k(on  \k+1 n n+1 —

i _; (k+1)![(aj7%) AP, 4 (DR, )R A J (=A@ +ap, D)@y A= 0 (213)
=0

Given the appropriate reconstructions R(x;a™), R(z;w™), and quadrature rules to evaluate the flux integrals
n (2.5) and (2.6), then (2.13) constitutes a family of fully-discrete non-oscillatory central schemes, e.g., [11,
17]. This type of schemes admit a considerably simpler and more versatile semi-discrete limit, da;/dt :=
limas—o(a;(t" + At) — @;(t"))/At. To this end, we rewrite (2.13) as

daj _ B 1 n (0) n (0) _n41 —n 1 n n n+1
T A DA A g - g
r—1
AADM T e () k(on k+1 4 (k)
2 m[((l]_%) A]—% + (_1) (G/j_,’_ ) A]+2:| (214)
= lim L(OL" A9 L gn 4O )+ L(u’)m’l —al) — L(a" +a” )w"+1
At—0 | Az j_% j_% j+% j+% At 7 J Ax j_% -7+
Since the width of the local Riemann fans approaches zero in the At | 0-limit, i.e., ,T;l 1 :E;l L1, T Lyl We
PR PR
obtain by conservation of cell averages property P, A;.Oi) , = w;ﬁ so that (2.14) yields,
2 2
daj _ : 1 n —n+1 n —n+1 1 —n+1 —-n 1 n n —n+1

As At | 0 we end up with limiting values which depend solely on the reconstructed values R(x,u) on both
sides of the interfacing breakpoints, 1 given by

u(xj+%)lvt) - p;l(x]-i-%) + (t)
U

1
2
w@fy st = p?+1(xj+;) ++%(t); (2.16)

3
here p(x) and p?, (x) are the polynomial reconstructions of R(z;u") at the original time step ¢" introduced
n (2.3). The corresponding averages in (2.5) approach w"+1 ~ (Af)jy1/2a7 T where (Af); 1 = f( ) -
f(ujjrl), while the smoother averages in (2.6) are of order w”Jr1 ~uj — At(Af);4 1. Inserted into (2.15),
2

end up with a semi-discrete limit which can be written in its ﬁnal conservative form,

e AP A A (2.17)

here Hj. 1(t) are the numerical fluxes given by

Fll @)+ flu (1) a1t
Hy o (t) = —202 5 Ity J+22()[uj+l(t)—u;+l(t)] (2.18)

Once again, we emphasize that among its several advantages, the versatility of this semi-discrete formulation
is the independence of the speciﬁc reconstruction, (2.3), and evolution algorithms which are utilized to recover
the interface values, u i+l and u] +1 and to evolve the cell averages in (2.17). A description of our particular

choices for these algorlthms is prov1ded in §3.
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Figure 2.2: Floor pan for modified central differencing in two-space dimensions.

2.2 Two-dimensional Schemes

Starting with a general hyperbolic conservation law in two space dimensions,

ur + f(u)e +9(u). =0, (2.19)

we proceed as in §2.1, and consider the sliding averages of u over the cells I . := [2;_1/2, %11 /2] X [2k—1/2, Zkt1/2];

uy ;:][ u(z, z,t") dz dz,
Ij k

where Az and Az represent the space scales in the - and z-direction respectively.

As in the one-dimensional case, we seek a semi-discrete formulation for the evolution of the cell averages
of the conservation law (2.19). We begin by incorporating the information provided by the local speeds of
propagation, that we approximate by

@y = max o (L, 0) o (L)) vy = max {o( 2w n) () b (220

where the cell interface values in the z- and z-direction,

N
Uj g = p?,k(xjvzk-i-%)v ufk =Dy k(xjvzk—l)v
ufk = p;k(xj_,_%,zk), u;/Vk = p?k(:zzj_7 Zk) (2.21)

are calculated via a non-oscillatory piecewise polynomial reconstruction,

R(z, z;u" ijk$21]]k7 (2.22)

the polynomials {p;-‘)k(x, z)} are determined so that R(z, z;u™) satisfies properties analogous to P; — P above.
This information allows us to separate between regions of smoothness, depicted as D, in Fig. 2.2, and regions
of non-smoothness , depicted as the shaded regions. Nine sets of cell averages are calculated as follows:

e In the clear shaded regions, Dji ks the solution is not smooth in both directions; staggered evolution

over the control volumes D1 ;11 x [t", t"*1] is used to obtain the new cell averages {w"; i it 1}

e In the dark shaded regions, D;.1 ) and D; ;. 1, the solution is smooth only in one direction; staggered

evolution is used along the non-smooth interfaces to obtain, respectively, the cell averages {w"+1 } and

41
{w;l,ki 1

e To evolve the smooth part of the solution, we integrate the polynomial p? +(x, z) and the corresponding

fluxes over the non rectangular control volume D; j x [¢",t"T!]; these cell averages are denoted by {w"“}



This approach allows us to form a new polynomial, denoted R(z,z;w"™*!), which is reconstructed from these
smooth and non-smooth portions of the solution, and to reproject it back onto the original grid-cells,

’"H ][ R (z,z;w"™) d dz. (2.23)
Ik
The resulting non-staggered fully-discrete scheme admits a more versatile semi-discrete limit as At — 0,
in(t) = _Hag‘c+%,k( ) - H 4 B Ay @ — By () (2.24)
at V7 Ax Az ’ '

with numerical fluxes

() = oo [P 0) + T 0) + A @ (0) + Fubo) + @Sl o) + FusF )]

J+ k 12
1360 ¢ Ny B SW SE
T 19 (“jﬂ,k(t) —udi (1) + 4(ugyy g () — ugp (b)) + ugy (1) — ujy (t)), (2.25)
. 1
oy ) = = [0t ) + gl () + 400 (1)) + gl (0) + 9 Ey (1) + 9 (1)
bj ey (t)
— L (WS () = () + 4 () — ue ) +uSEa () —ulE @) (2:26)
This particular version of the numerical fluxes results from using Simpson’s quadrature rule to approximate
the integrals of the fluxes f and g along the cell boundaries [z, 1,z 1] and [z;_1, 2, 1] respectively, and it

incorporates information from the corner interface values,

UNE = pg k( j+%azk+%)a f‘]:V = p], ( '7%52167%)7
S
ujf = pj,k(‘err%’Zkf%)a ;VW _p]7 (z j7%7zk+%)7 (2.27)

into the scheme. These corner values are recovered via the non-oscillatory reconstruction R(z, z; @") = 3. P, 2)
17, ,, which may coincide with the original reconstruction, R(z, z; u™), or, alternatively, interpolate the cell val-
ues along the diagonal directions shown in figure 2.3(b) so as to prevent the onset of spurious oscillations along

those axis.

Figure 2.3: (a) reconstruction in z- and z- directions. (b) diagonal axis for reconstruction.

3 Implementation of Semi-discrete Central Schemes

The framework of semi-discrete scheme described above entertains a wide range of options for the implementation
of their two main ingredients: non-oscillatory reconstruction and evolution. In this section we provide some
examples of non-oscillatory reconstructions, evolution routines and magnetic field corrector that we implemented

for computing the solutions of the system (1.1) — (1.4) presented in §4 and §5 below.



3.1 Third-order CWENO Reconstruction

Our first choice for the reconstruction of the point values of w is the third-order CWENO polynomial recon-
struction of Kurganov and Levy, [15]. A piecewise quadratic polynomial that satisfies the essential properties

P1, P2, and P above is formed as follows: in each cell [; = [z;_1,2;, 1], the polynomials {p’ ()} in (2.3) are
written as a convex combination of three polynomials P, (x), Pc(x), and Py (z),

P} (@) = wP(x) + wePo(x) + waPa(x), Y wi=1, (3.1)

ie{L,C,R}

where the linear polynomials

ar— " @t — "
np d I (g —x)), and Pu(z) = @ + L—L(z — 1)), (3.2)

J Az T

P.(z)=1a y A

3 yii2 yii2 yii2 il ]
conserve the pair of cell averages u}_;, u} and u}, u},, respectively, and the parabola centered around z;,

=1 1 =1 =1 =T
an,, —an, an o, — 2+,
+ . 2ij (I_IJ)+ ! ijg ! (.I IJ)27

is determined so as to satisfy

1
cLPu(x) + cnPa(x) + (1 — o — cr) Pe(z) = uf + uj(x — ;) + §u;’(x — ;)%

where v, u; and v approximate the point values u(z;,t"), uz(z;,t"), and uz.(z;,") given respectively by

1
no._gn _ — (z1  _ 9yn u”
uf =] 24(%71 2uy +aly ),
5 5 5 5N 5T
;WP Uy P 2uj +ajy
uj = ———n——, and uj:= 5 . (3.4)
2Ax Az

We guarantee the conservation of the cell averages u}_;, uj and u,, by any symmetric choice of the weights
¢ (e.g., ¢, = cr =1/4, co =1/2), and the accuracy property, Pz, in smooth regions, [20]

p?’(x) :u(a:,tn)—l—O((Aa:)g), TE [ijéanJr%]'
The non-oscillatory behavior of {p!(x)} —property Ps, is attained with the non-linear weights

€7
Zm Qm 7

where € < 1 prevents the denominator from vanishing (for the calculations in §4 and §5 we choose € = 107%),
and the smoothness indicators, I.S;, provide a local measure of the derivatives of P;(x),

(&)

m7 i,m € {r,c,r}, (3.5)

with «a; =

w; =

1S; = Z \/11_(A;1;>2l71(ﬂ(1)(:17))2dx7 (S {La G, R}v (36)
=1 J

switching automatically to the second-order reconstructions P, and Py in the presence of steep gradients and
avoiding the onset of spurious oscillations, [12, 15, 20]. In this case, they read

ISL = (1_1,;I — 1_1,;-171)2, ISR - (ﬂ;'lJrl - ﬂ?)2a
13, , o oom Lo, n
ISc = §(“j+1 = 2uy +uj )"+ 1(“j+1 —ajy)* (3.7)

Remarks:



1. For this particular reconstruction, the one-dimensional interface values, Usia (t) and u;:r 4 (t), required in
2 2

the numerical flux (2.18) take the explicit form

- n n 1 =N =N =T =N =N 1 =N =T
uj+%(t ) = pj(r) = §wL(3uj —uj_q)+ —12wc(—5uj+1+8uj —uj_q)+ in(ujH + aj),
n n 1 —Nn —=Nn —=Nn —=Nn —=Nn 1 —=Nn —=Nn
u;_%(t ) = ij(;EjJr%) = §wL(uj+1+uj)+ Ewc(—ujJrQ—i—SujJrl —5uj)+§wR(—uj+2+3uj+1).

2. In the case of systems of equations, the choice of these smoothness indicators is, indeed, non-trivial.
The different conserved quantities involved in any particular system (density, momentum, etc.) may
very well develop discontinuities at different points throughout the solution domain that do not affect
every other quantity in the system. Hence, choosing the smoothness indicators individually for each
quantity may cause the scheme to use different stencils for different quantities during the same evolution
step. This can be avoided by either using global smoothness indicators, e.g., an (norm-scaled) average of
the individual ones, or by identifying those that are physically relevant, such as, e.g., the density near a
contact discontinuity (see §4 for our particular choices in the one-dimensional case and [19] for an in-depth
discussion about the selection of smoothness indicators for systems of equations).

In two-space dimensions, one possibility for calculating the interface values in (2.21) and (2.27) is to apply
this one-dimensional third-order reconstruction dimension-by-dimension in the z- and z- directions (Fig. 2.3
(a)), and, if so desired, in the two diagonal directions of the coordinate frame displayed in figure 2.3(b). In
two dimensions, however, we note that the constant term in the central parabola, (3.3), requires an additional
correction (in the transverse direction of the reconstruction) in order to guarantee third-order accuracy when
the point value u(x;, z,t"™) is recovered from the neighboring cell averages,

n —Nn —Nn —n —Nn 1 —n —Nn —Nn
u(zj, 2k, t") = Uy — (Ul =207+l ) — E(uj,k—l =2}y, +uf ) + O((max{Auw, Az})?).

That is, along the line z = zg, the reconstruction in the z-direction is carried out using the linear polynomials
P, (z,z,) and Py(z,z) as in (3.2), and the parabola Ps(x, zx), given by

—n 1 —n —n —n 1
Po(z,2) = Uy — —(Uj_q p — 20}, + ) — 12

—=n —n =T
120 9L (@fk—1 = 2055 + Wk ra)

51 51 5T 51 51
Uiy — Uik Uj g — 207 + UGy

o j
+ 2Ax (= ;) + Ax?

(xz —z;)% (3.8)

The same reconstruction is carried out in the z-direction, holding = = x; fixed.
The corresponding polynomials in the diagonal directions are given by (consult [16] for additional details)

ﬁ_;l,k(xv Z) = wLPL('rv Z) + wCPC(Ia Z) + wRPR (Ia Z)a (39)
with
5 L, Wi —uf g A A
Blez) = o+ 2R () + s — 1))
> —n 1 —n —n —n 1 —n —n —n
Po(z,2) = ujy — E(uj-i-l,k-i-l —2uf, g q) — E(uj—l,k-i-l =2}, + Ul )
UG gp1 — UGg g1 ( A A )
* 2A A O R yviCaat)
UFLy ey — 205, H 0Ty ( A A )2
+ A2 oaz T ) T ga @ m)
> —n ﬂn+1,k+1 B ank A A
Pu(z,2) = uj,+ . A g (2Az (z —2x) + m(l’ - Ij))v (3.10)
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along the SW-NE axis, and

A~ . _n ﬂ?k - 1_1’;7:‘1*1,](:71 ( A _ . A . ) )
P.(z,z) = uyy + A 5AS (z — z1) AL (x — x;)
> —n 1 —n —n —n 1 —n —n
Po(z,2) = aj) — E(ujJrl,kJrl =205 ) + UG ) — 12( T ger1 — 22U UL )
UT_q g1 — Uit g1 ( Ao A )
+ 2A 28z ¢ ) T A, (@ )
UGy gy =205 H UG 0 A A 2
+ AZ (3236 )~ 550 —22))
- U g T U A A
Pu(wz) = i+ LA (QAZ(z—zk)—m(x—xj)), (3.11)

along the SE-NW axis where A = /(Az)2 + (Az)2.

The non-linear weights, w;, are also calculated direction by direction according to the one-dimensional recipe
(3.5) with the smoothness indicators given by the norm-scaled average of the componentwise indicators, I S’Z-(m),
calculated as in (3.7),

d
_1 (m)
== Z m)”2+6 1S i€ {u e n), (3.12)

th

where u(™ stands for the m*" component of u, and ||u(™|3 = D ik |u(m)|2AxAz represents its 2 norm over

the solution domain.

3.2 CWENO Fourth-order Reconstruction

In §5 below we demonstrate the versatility of the central semi-discrete scheme (2.24)—(2.26) by implementing
the dimension-by-dimension third-order reconstruction described above and the genuinely multi-dimensional
fourth-order CWENO reconstruction of Levy et. al., [21, 3], that recovers the interface point values in (2.21)
and (2.27) via a bi-quadratic polynomial interpolant satisfying the desired conservation, accuracy and non-
oscillatory properties in two-space dimensions. Following is an outline of this fourth-order reconstruction,
originally developed by Levy et. al. within the central, fully-discrete, staggered framework.

In each cell J; j, the piecewise polynomial interpolants in (2.22), p}, (7, z), are written as a convex combi-
nation of nine bi-quadratic polynomials, Pj,k+q(2,2), that conserve the cell averages {u},, k+q}11) g——1 and
approximate the pointvalues of u(x, z,t™) within fourth-order accuracy,

1

P, 2) Z W Pjip ktq(7, 2), Z whl =1, whl > 0; (3.13)
p,g=—1 p,g=—1

where the polynomials P; x(z, z) have the form (omitting, for simplicity, the j and k indeces in the coefficients

{om}),

Pjrfk(:zr,z) = bo+ bi(x —z;)+ ba(z —2i) + bs(x — xj)(z — zk)
+ b4(x—:vj)2+ b5(z—zk)2+ b6($_xj)2(2_2k)
+ br(z — 25)(z — 21)* + bs(x — 25)%(z — 21,)%. (3.14)

The 9 conservation constraints,

j41TpAz L1tqAz
][ ’ ][ ’ Pj)k(il?, Z)dZdI = ﬁ?+p,k+qa p,q= _17 Oa 17 (315)

1 +pAx 2,1 +qAz
I=32 2

11



uniquely determine the 9 coefficients {b,},

b = BT, B2, | ATAR,
24 24 212
bi = U, — AQ—Z?%ZZ, by =1, — A2—Z2ammza
by = e, ba = e AT?“
b = il Ag - b = gitzes,
b= e by = Jioass

where the divided differences

51 51 51 51
Uirie — Y1k _ Uik T Yy

'bej’k = 2Aw s uzj,k = 2AZ N
=N =M —n —n —n _n
N _ Uy 2 U g S Uy — 220G U
Uzaj = A2 ) Uzz; ) = A2 s
—n -n —n —n
A Uiy e T Uy UGy ey T U1
Yozjo = ANz Az ’
u T T i e N
X (@ ey = 205 F UG ) — (U e — 205 U )
Yeozjn = 2A22Az ’
u” TR " 7 1 =T
A (U e 200 g 0 g) — (U g — 205 U )
Yozzje = 2AxAZ2 ’
1
U = _ T 1 o =N —n —n
Uawzzj = ATIA L2 (@11 k41 = 285415 + Wya k1) — 200 g1 — 2055 + U g1)

+(ﬂ?71,k+1 - 2@;-’711,6 + ﬂ;'lfl,kfl)]u

serve to approximate the values of u and its partial derivatives at the points (z;, z;) within the fourth-order
accuracy constraints of the method.

As in the third-order reconstruction, the non-linear weights in (3.13), w}}¢, are computed so as to provide
maximum accuracy in smooth regions and prevent oscillations in the non-smooth regions by eliminating the
contribution of polynomials with steep gradients across the cell interfaces. For each cell nine weights are
calculated, b y

Xk : Piq ik
wjyk = Zmﬂn a;_rf];na with aj,k - (€+ Isf,lg)zv

manvpaq:_laovla (316)

and the linear coefficients, cf ¥, chosen so that symmetry guarantees fourth-order accuracy,

1 1
0,0 »q .
C»k—i and C?,]C_E’ Vp,q#(),

: 1
convexity, >

pa=—1Cin =1, ¢l > 0, guarantees conservation.

Global smoothness indicators are chosen according to (3.12). Unlike the third-order reconstruction where
the exact calculation of the individual smoothness indicators is trivial and renders simple formulas, i.e., (3.7),
in this fourth-order case, the exact calculation of the local L?-norm of the partial derivatives of the polynomials
P;? i is impractical. Instead, a Gaussian quadrature formula is used to approximate the integrals

ISP;;? = / (|asz+p,k+q|2 + |asz+p,k+q|2 + (Ax)2|8xxpj+p,k+q|2 + (Az)2|azzpj+pyk+q|2) dr dz.

J
I,k

This approach still serves the purpose of automatically detecting and re-directing the numerical stencils in the
direction of smoothness, thus preventing the onset of oscillations.

12



3.3 Time Evolution: SSP Runge-Kutta Solvers

With the interface values (2.16), (2.21), and (2.27) computed with either one of the above CWENO recon-
structions, we denote, for any grid function w = {w;(t)}, the numerical fluxes on the right of (2.17) and (2.24)

by
H. 1(w(t)) — H._1(w(t
Clu(t)] = — 22 ”Aw =3 (w(®) .
" H7 HY H* H?
Gt — — 3O Ly @) Hyyy @) - iy (0l0) (318
A.I AZ ) .
respectively, and evolve the solution u(® := af from ", to "1 with an appropriate ODE solver. For the

numerical calculations reported in §4 and §5, we choose the Strong Stability-preserving (SSP) Runge-Kutta
discretizations [26, 8]. In particular, for the third-order results, we evolve the solution according to

u® = w4 AtCu),
u? = M4 %(—30[11(0)] + CluM)),
u" o= ) =) 4 %(—C[u(o)] — CluM] + 8 Clu?)). (3.19)

and for the fourth-order results of §5.2
At

WO = 0 1 A ep,op
2
u? = M4 %(—C[u(o)] + CluM)),
W@ = w4 B o) 12 o)),
u" o= @ =) 4 %(C[u(o)] +20[uV] — 4C[WP] 4+ Cu®]) (3.20)

is used to evolved the values reconstructed via the fourth-order CWENO interpolation algorithm of Levy et.
al. of §3.2.

3.4 Magnetic Field corrector

In addition to reconstruction and evolution, our central schemes requires the correction of the magnetic field,
B, in order to guarantee the solenoidal constraint V - B = 0. We satisfy this constraint by updating the cell
averages of the magnetic field at the end of each time step, replacing the computed B, with its divergence-free
projection, B€. To this end the so called Leray projection is carried out by solving the Poisson equation

Ap=-V-B (3.21)

with the appropriate boundary conditions. Since the coplanar structure of the problem guarantees B, /dy = 0,
only the components B, and B, need to be updated. We use a fast Poisson solver for the standard five point
discretization of the potential ¢, and central differences for the divergence of the magnetic field, V - B. The
corrected — divergence free — magnetic field, B¢, is then realized as

B¢ =B + V. (3.22)

Applying the divergence operator V = (9/9x, d/9z) to both sides of (3.22), one can easily verify that V-B¢ = 0.
We use here only one out of several methods to enforce the so-called ‘constrained transport’ and we refer the
reader to [5], [25] and the references therein for a general discussion and [30] for handling the solenoidal constraint
in the context of MHD schemes over staggered grids.

The solution of (3.21) is computed with a C translation of FISHPACK, a collection of FORTRAN subprograms
which utilize cyclic reduction to directly solve second- and fourth-order finite difference approximations to
separable elliptic Partial Differential Equations, [1, 2].
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4 One-dimensional Numerical Results

In one space dimension, equations (1.1)—(1.4) admit the conservative form (2.1) with

u = (PapvmavaapvayaBz,e)Ta (41)
f(u) = (pku Pvi +p* - Bia pvwvy - BmBuu PUzUz - BmBzu ByU;E - Bwvyu
B,v, — Byv,, (6 + p*)vx - Bz(Bzvz + By'Uy + Bzvz))Ta (42)

where p* =p + %BQ stands for the total pressure (static plus magnetic).
In this section we present numerical simulations of this one-dimensional MHD equations, (2.1)—(4.2). The
results were obtained using the semi-discrete central scheme (2.17)—(2.18) with the pointvalues u;.: 4 (t) and
2
(O (t), (2.16), computed via the CWENO third-order reconstruction of §3.1, and evolved according to Shu’s
2
third-order SSP Runge-Kutta scheme as outlined in §3.3. The schemes are implemented for computing the
approximate solution of two coplanar shock tube MHD models described by Brio and Wu in [6]. We use a
uniform grid in the space discretization, and in both cases we choose the time step dynamically with CFL

restriction A
At=0475—=0 (4.3)
maxy, |ag(u)]

where {ay(u)}y are the eigenvalues of the Jacobian matrix of f(u).

4.1 Brio—Wu Shock Tube Problem

The first one dimensional Riemann problem we consider consists of a shock tube with two initial equilibrium
states, u; and u,, given by

(1.0,0,0,0,1.0,0,1.0)T for z < 0,

T _
(py Ve vy, vz, By, Bz, p) _{ (0.125,0,0,0,—1.0,0,0.1)T for 2 > 0, (4.4)

and complemented with the constant values of B, = 0.75 and v = 2. The problem is solved for z € [-1,1]
with 800 grid points, and numerical results are presented at t = 0.2. Figure 4.1 show the density, the x— and
y—velocity components, the y—magnetic field, and pressure profiles.

The hydrodynamical data of this problem is the same as that in Sod’s shock tube problem of gas dynamics.
The variety of MHD waves, however, poses a considerable challenge for high-resolution such as the black-box
central schemes described in this paper. The solution of this problem consists of a left—moving fast rarefaction
wave (FR), a slow compound wave (SM) which results from an intermediate shock that changes B, from 0.58
to —0.31 and a slow rarefaction that changes B, from —0.31 —0.53, a contact discontinuity (C), a right-moving
slow shock (SS), and a right-moving fast rarefaction wave (FR). Note that the solution to this problem is not
unique if B, and v, are not identically zero.

The results in figure 4.1 are in agreement with those previously reported in [4], and are comparable with
the second order upwind computations of Brio and Wu in [6], and with the fifth order WENO computations
presented by Jiang and Wu in [14]. In fact, the present results show a better control of the oscillations that
typically appear at the trailing edge of the right-moving fast rarefaction wave when high resolution schemes
are employed. This better better control is due to our choice of smoothness indicators. Our various numerical
experiments show that —in the absence of characteristic information— the average of the smoothness indicators of
the density, p, and transverse magnetic field, By, (scaled by their /s norm) is the best combination for selecting
a single stencil for reconstruction and evolution of all the conserved quantities in the system. Our numerical
confirm the ability of central schemes, whether in their fully-discrete or semi-discrete formulations, to capture
the main features of the discontinuous MHD solutions, while avoiding any characteristic information other than
an estimate of the maximal speed of propagation, maxy, |ay(u)].

4.2 Brio—Wu High Mach Shock Tube Problem

The following shock tube model proposed by Brio and Wu in [6], is commonly used to check the robustness of
the numerical schemes for high Mach number problems. The initial equilibrium states, u; and w,., are given by

(1.0,0,0,0,1.0,0,1000)T  for z < 0,

T _
(P ve, vy, vz, By, Bz p) _{ (0.125,0,0,0,-1.0,0,0.1)T for z > 0, (4.5)
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Figure 4.1: Results of Brio-Wu shock tube problem at t = 0.2 computed with 800 grid points using third-order
CWENO reconstruction, (3.1), and Shu’s SSP Runge-Kutta solver, (3.19).

and complemented with the values of B, = 0, and v = 2. The Mach number of the right—-moving shock wave is
15.5. If the plasma pressure is replaced by the sum of the static and magnetic pressures—denoted by p* above,
this model becomes a standard hydrodynamical Riemann problem. The solution is presented at ¢ = .012,
x € [—1,1], with 200 grid points and with CFL number 0.475, consult (4.3).

The solution of this second Riemann problem consists of a left—-moving fast rarefaction wave (FR), followed
by a tangential discontinuity (TD), and a right moving fast shock (FS) with Mach number 15.5. Across the
tangential discontinuity, the density, the magnetic field and the pressure can change, but both, the fluid velocity
and the total pressure, p + 372 are continuous.

As in the previous problem, our results are comparable to those reported in [4], [6], and [14] with second-order
central and second- and fifth-order upwind scheme, and demonstrate the robustness of the schemes described
in §2.

5 Two Dimensional Numerical Results

In two space dimensions, equations (1.1)—(1.4) admit the conservative form (2.19) with

u = (p,pvx,pvy,pvz,Bz,By,Bz,e)T, (5.1)
flw) = (pvg, pvg +p* - Bg, PUaVy — By By, pugv, — By B, 0, Byv, — Byvy,
B.vy — Bz, (e +p*)vy — By (Byvy + Byvy + BZUZ))Tv (5.2)
g(u) = (pvs,pvve — B. By, pvov, — B, By, pv? + p* — B2, Byv, — By,
By, — B,v,,0, (e + p*)v. — B.(Byvy + By, + Bov.)) . (5.3)

In this section we present the numerical solutions of two prototype models of two—dimensional MHD equa-
tions. For the first problem —the Kelvin—Helmholtz instability with transverse magnetic field configuration,
we consider two different sets of boundary conditions in the x—direction: periodic in the first case and a free
outflow boundary in the second convective setup. The second problem was introduced by Orszag and Tang
in [24] as a simple model to study MHD turbulence, and has become a standard model to validate numerical
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Figure 4.2: Results of Brio-Wu high Mach problem at ¢ = 0.012 computed with 200 grid points using third-order
CWENO reconstruction, (3.1), and Shu’s SSP Runge-Kutta solver, (3.19).

algorithms. In both cases, the time scale, At is determined dynamically with CFL=0.475,

0.475
At = 5.4
e [ax (O B0 T (e s (1B o4

where {ax(u)}r and {by(u)}i represent the eigenvalues of the Jacobian matrices of f(u) and g(u) respectively.

5.1 Transverse Kelvin—Helmholtz Instability

The Kelvin—Helmholtz instability arises when two superposed fluids flow one over the other with a relative
velocity. It models, for example, the important mechanism for the momentum transfer at the Earth’s magne-
topause boundary, which separates the solar wind from the Earth’s magnetosphere, [14]. We approximate the
solution of he two dimensional periodic and convective models with transverse magnetic field configuration with
the semi-discrete scheme of Kurganov and Tadmor, (2.24)—(2.26), implemented along with the reconstruction
of §3.1 and the SSP Runge-Kutta solver (3.20).

In both cases, the governing equations are (5.1)—(5.3) are subject to initial conditions

(ps Ve, Vy, Uz, Ba, By, Bz,p) T = (1.0, 040 + 920, 0,0,0,1.0,0,0.5) ", (5.5)
where
Vg = %Otanh(z), and (5.6)

Ugo =

~ 27z 1 : A A
{ _UOSIH(T)W’ if — 3 <z < 5 (57)

0, otherwise,

with vg = 2, 99 = —0.008, A = 57 and a = 1. Also, the grids are stretched in the z—direction with a Roberts
transformation, [14],
Hsinh (12/2H)

sinh (1/2) T=6 (5.8)
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which renders a denser grid near z = 0 where the effect of the small initial perturbation 7, is more noticeable,
and a coarser grid near z = +H, where little action takes place.

In the periodic case, the computational domain is [—£, £]x [0, H], with L = 57 and H = 10. The free outflow
condition is applied at the top boundary, z = H, and the bottom boundary values are recovered by symmetry,
since p, p, and B, are symmetric, and v, and v, are antisymmetric under the transformation (z, z) — (—z, —z).
In figure (5.1), we present solutions at ¢t = 144, with 72 x 45 and 96 x 60 grid points.

The resolution and accuracy of our results are comparable to those reported in [4] obtained, over two grids of
sizes 96 x 96 and a 192 x 192 respectively, with the second-order staggered central scheme of Jiang and Tadmor;
the gas kinetic scheme of Tang and Xu, [29], using a 200 x 200 uniform grid, and to those obtained with Jiang
and Wu’s fifth-order WENO scheme, [14], over two grids of sizes 48 x 30 and 96 x 60, respectively. The higher
computational cost of the third-order reconstruction as compared to that of the fully-discrete second-order
scheme we used in [4] is compensated by the fewer number of grid points needed to resolve accurately the steep
gradients that characterize the solution.

3 e

Figure 5.1: Results of transverse Kelvin-Helmholtz instability with periodic z—boundary conditions computed
with third order scheme. Left column uses 72 x 45 points and right column uses 96 x 60 grids respectively.
There are 20 contours for density and pressure. Red-high value, blue-low value. Density ranges from 0.79 to
1.2, pressure range from 0.32 to 0.71 and maximum value for the velocity is 1.25.

In the convective setup, the initial conditions and perturbation are the same as in the periodic setup, (5.5)—
(5.7). In this case, the free outflow condition is applied also in the z-direction over the computational domain
[—£,L] x [0, H]; where H = 20 and L = 557, with L >> \-so chosen to allow the excitation to convect freely
without disturbing the x—boundaries. The values of the bottom boundary of the computational domain, z = 0,
are recovered by symmetry as in the periodic configuration.

Figures 5.2 and 5.3 display the solution over the region [—50, 50] x [—20, 20] computed with 792 x 92 grid
points over computational domain at ¢ = 120 and ¢ = 145 respectively. The values of the bottom half of the

solution domain are recovered using the same symmetry conditions as used to reconstruct the bottom boundary.
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Figure 5.2: Solution of convective Kelvin-Helmholtz instability at t=120, computed with third order scheme on
a 792 x 72 grid. The density ranges from 0.63 to 1.3, and the pressure ranges from 0.20 to 0.85, the maximum

value for the velocity is 1.54.
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Figure 5.3: Solution of convective Kelvin-Helmholtz instability at t=145, computed with third order scheme on
a 792 x 72 grid. The Density ranges from 0.43 to 1.3, pressure ranges from 0.10 to 0.86 and maximum value for
the velocity is 1.94.

Figure 5.4: Time evolution of the total transverse kinetic energy, log(% [ pv2dzdz), integrated over [—L/2, L/2]x
[—H, H], for both periodic and convective Kelvin-Helmholtz instability. The results for the periodic case with
96 x 96 and 192 x 192 grid points are represented by a dashed and a doted curve respectively. The convective
configuration is represented by a solid line.
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5.2 Orszag—Tang MHD Turbulence Problem

This model considers the evolution of a compressible Orszag-Tang vortex system. The evolution of the vortex
system involves the interaction between several shock waves traveling at various speed regimes [14, 32], which
makes the problem useful to validate the robustness of numerical schemes.

The initial data is given by

p(I,Z,O):’}/Q, ’Z)I(ZE,Z,O):—SiDZ, ’Uz(.I,Z,O):SiH.I,

p(z,2,0) =~, Bg(x,z,0)=—sinz, B,(x,2,0)=sin2z

where v = 5/3. With this data, the RMS values of the velocity and magnetic fields are both 1; the initial
average Mach number is 1, and the average plasma beta is 10/3.

We solve the problem in [0, 2] X [0, 2], with periodic boundary conditions in both z- and z-directions. For
this problem we implement the fourth-order reconstruction of §3.2 and the SSP Runge-Kutta fourth-order ODE
solver (3.20) using a uniform grid with 192 x 192 points.

In this problem, the numerical scheme fails to satisfy the divergence free constraint of the magnetic field,
V-B = 0. In order to guarantee this condition and avoid numerical instability, we project the updated magnetic

field B into its divergence free component at the end of every time iteration by applying the correction (3.21)—
(3.22).

Figure 5.5: Fourth-order solution of Orszag-Tang MHD turbulence problem with a 192 x 192 uniform grid at
t = 0.5. There are 20 contours for density and pressure. Red —high value, blue —low value. Density range from
2.1 to 5.9, pressure range from 1.0 to 5.8. The maximum values of |v| and |B| are 1.6 and 1.6 respectively.

Figures 5.5-5.7 display the solution of the Orszag-Tang vortex system at t = 0.5,¢ = 2, and ¢ = 3 respectively.
These simulations were performed with 192 x 192 grid points using the fourth-order, genuinely multidimensional,
CWENO reconstruction of §3.2 SSP Runge-Kutta solver (3.18)—(3.20). These results demonstrate the ability
of higher-order central schemes to resolve the shocks that the vortex system develops while maintaining the
simplicity and ease of implementation typical of this black-boz type of finite-difference schemes. We also note
that similar results were obtained with the dimension-by-dimension third-order reconstruction and the Runge-
Kutta solver (3.19) using a 288 x 288 mesh. The inproved resolution of the fourth-order scheme allows us to
compute accurate approximations using coarser grids than those required by lower order schemes, thus reducing
the computational cost of this type of simulations; an advantage that is more evident in higher space dimensions.
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Figure 5.6: Second-order solution of Orszag—Tang MHD turbulence problem with a 384 x 384 uniform grid at

t = 2. There are 20 contours for density and pressure. Red

—low value. Density range from
are 1.6 and 2.8 respectively.

blue
and |B|

)

—high value

—Tang MHD turbulence problem with a 192 x 192 uniform grid at
21

0.62 to 6.3, pressure range from 0.14 to 7.0. The maximum values of |v|

t = 2. There are 20 contours for density and pressure. Red

Figure 5.7: Fourth-order solution of Orszag



P(x,0.625m)

Figure 5.8: Pressure distribution along the line z = 0.6257 at t = 3. Dashed line corresponds to third-order
approximation with 288 x 288 grid points and dotted-line corresponds to fourth-order results computed with

192 x 192 grid points.
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